Different from traditional communication systems, information-centric Internet of things (IC-IoT) as a novel smart paradigm needs to guarantee end-to-end connectivity for rapidly growing smart devices. How to meet the demands of massive connection has become a key problem for IC-IoT. Sparse code multiple access (SCMA) as a code-domain non-orthogonal multiple access (NOMA) technique has been intensively investigated. With SCMA, each user employs different sub-carrier frequencies for transmission, and different users can share the same sub-carrier frequency via superposition coding. The spectrum efficiency is thus improved. However, designing large-scale codebook sets is still an open problem for SCMA. In this paper, a new lattice-based codebook design method is proposed via mother constellation optimization. First, the optimization problem of the mother constellation is formulated. Through analysis, the problem can be converted into two sub-problems. Accordingly, we first use the lattice theory to find a constellation containing infinite points with large coding gain. After that, we search for a boundary that contains a set of points via spherical packing. Such an approach enables us to obtain a real constellation satisfying a power saving criterion. Secondly, the mother constellation with large power variance is obtained from the real multi-dimensional constellation. Finally, lattice-based codebooks are generated by combining the mother constellation and the mapping matrices with constellation rotation. Simulations demonstrate that the designed codebooks have improved bit error rate (BER) performance with large codebook size, especially at high signal to noise ratio (SNR).
I. INTRODUCTION A. BACKGROUND
As an emerging network technology, Internet of things (IoT) attracts growing attention in fifth generation (5G) [1] , [2] . The objective of 5G IoT is to realize the intelligent lifestyle of human beings by using smart devices connected to the Internet [3] , [4] . In application scenarios of IoT, smart cities have become a hot topic. However, the differences between heterogeneous networks make the traditional TCP/IP protocol unable to meet the urgent needs of the IoT in terms of the data exchange latency [5] . Therefore, a new information-centric The associate editor coordinating the review of this article and approving it for publication was Mianxiong Dong.
Internet of things (IC-IoT) model has been proposed. In the IC-IoT network, data exchange among nodes is based on the content carried by the data, which can resolve the protocol compatibility problem of a large number of heterogeneous networks in the IoT scenarios [6] . In order to improve the performance of IC-IoT, some works on data rate, latency and energy efficiency have been carried out [7] , [8] . However, the IC-IoT serving billions of devices poses unprecedented challenge to the limited frequency resources. The existing orthogonal frequency division multiple access (OFDMA) belongs to the category of orthogonal multiple access (OMA) technology which relies on the orthogonality among subcarriers. It has been used in the previous generation of wireless communications, i.e., long term evolution (LTE) [9] . VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Due to the spectrum resource' limitation, it is impractical for OFDMA-based wireless communications to service massive devices. Besides OFDMA, a new multiple access technology, called non-orthogonal multiple access (NOMA), has been intensively investigated, see, e.g., [10] - [12] . NOMA is widely believed to facilitate more efficient time-frequency resource sharing with high spectrum efficiency [13] . On the basis of time-frequency resources, NOMA mainly relies on power diversity and code domain diversity [11] . Due to the limitation of the maximum power of the communication systems, the power-domain NOMA cannot divided many access layers, while the code-domain NOMA has greater potentials by using code division multiple access (CDMA) technology.
In CDMA systems, the CDMA sequences for spreading usually have large signature length. However, the ratio of zero elements in the sequence is an important factor to improve system performance and reduce detection complexity [14] . Low density signature (LDS) [15] codes as a CDMA sequence with high sparsity, can bring short transmission time, high energy efficiency and strong confidentiality [16] , [17] . Similar to the sparsity of LDS-CDMA, an enhanced version of LDS-CDMA termed as sparse code multiple access (SCMA) was proposed in [18] . It supports overload capability that enables massive connection and improves the spectrum efficiency compared to LDS-CDMA [19] . In SCMA systems, pre-allocated SCMA codebook sets have been designed to replace the traditional modulation and spreading processes. Each pre-allocated SCMA codebook set consists of complex multi-dimensional codewords, which can uniquely identify individual users. In this case, bits transmitted by each user are directly mapped into time-frequency resources of OFDM symbols, and the receiver can use message passing algorithms (MPA) [20] , [21] to obtain near-optimal detection performance. Compared to OFDMA, SCMA has a strong advantage in many IoT application scenarios [22] - [26] .
At present, the large-scale codebook design with satisfactory bit error rate (BER) performance remains a key problem in SCMA. The original codebook (OCB) design was first proposed in [19] . In OCB, a four-dimensional real constellation was introduced by using the Cartesian product with quadrature amplitude modulation (QAM) to increase the power diversity over interfering codewords. However, the power diversity did not reach its expectation. Neither can it guarantee a maximized constellation coding gain [27] . In order to solve this problem, we propose a new codebook design method in this paper.
B. RELATED WORKS AND MOTIVATION
To solve the aforementioned interlayer interference, noise and multipath fading problems, some research works have been carried out on SCMA codebook design. In [27] , an optimized codebook for SCMA was designed by using trellis coded modulation (TCM), which can increase the minimum Euclidean distance (ED). Authors in [28] proposed constellation-rotation (CR)-based codebook sets for downlink SCMA. Studies in [29] , [30] found that LDS-CDMA with constellation rotation (LCR), can also achieve improved BER performance. In addition, an approach inspired by star QAM to find the mother constellation was proposed in [31] . Different from these studies, the authors in [32] designed SCMA codebook sets from the perspective of constellation optimization with mapping matrices. However, most of these studies are based on small-scale codebooks such as four constellation points, which can not ensure BER performance of large-scale codebook sets. In addition, the QAM-based multi-dimensional constellations cannot guarantee the maximum coding gain either.
In order to solve these problems, and inspired by the lattice theory, a novel SCMA codebook design method is presented by using the lattice theory in this paper. Lattice as a mathematical structure that can be described as a set of specific constellation points in space [33] , which has an irreplaceable advantage in the aspect of multi-dimensional (more than two dimensions) constellation design. A multidimensional lattice-based constellation network can achieve an astonishing capacity of 10 24 bits per second [34] , and a novel encoding structure is obtained via multi-dimensional lattice codes [35] . Based on this, we have studied and analyzed the relevant works of the lattice theory. Some lattice properties and the concept of constellation figure of merit (CFM) were described in [36] . This study also pointed out that the coding gain and shaping gain can be considered in large-scale constellation design. The authors in [37] proposed a reasonable complexity sphere shaping scheme which has high shaping gain in multi-dimensional constellations. In order to ensure the optimal shaping gain, sphere packing and groups for lattice-based constellations were presented in [38] . An energy efficient two-dimensional QAM modulation constellation was generated by lattice-based multidimensional constellation, and the efficiency difference of the spherical bound and the cubical bound was compared in [39] . Besides the aforementioned studies about the shaping gain optimization, authors in [40] proposed a method for large-scale lattice-based constellation design. In the optimized processes, the coding gain and shaping gain of multi-dimensional constellation were respectively discussed to obtain a CFM-maximizing constellation, which can obtain improved BER performance with more constellation points. Inspired by these works, we use the lattice theory to design large-point codebooks in this study. It is possible to obtain novel codebook sets with energy saving.
C. CONTRIBUTIONS
The main contributions of this work are summarized as follows.
• We propose a new SCMA codebook design method based on the lattice theory. We aim to find a mother constellation with a power saving criterion. In addition, the mother constellation has large power variation among the constellation points, which helps to distinguish the codewords in a codebook set.
• In order to obtain the constellation with the power saving criterion, we decompose the constellation design into two optimization problems: i) How to guarantee that the constellation has small energy, given the constant minimum Euclidean distance (MED)? ii) How can we maximize the ED among the constellation points when average energy (AE) is constant? In this paper, the first problem is solved by the lattice theory to find a lattice structure with large coding gain, while the second problem is solved by the spherical packing to obtain a spherical boundary containing fixed points.
• We discuss the generation of mapping matrices with constellation rotation. Combining the mother constellation and the mapping matrices, we can obtain codebook sets with improved BER performance, especially in the case of large-scale codebook size.
D. ORGANIZATION
The remainder of this paper is organized as follows. Section II introduces the system model. The proposed codebook design is described in section III. We divide the codebook design into two subsection, i.e., mother constellation design and mapping matrix. Finally, the BER performance of the proposed codebooks is compared with LCR, CR and OCB in section IV. In addition, the convergence behavior of MPA under different overload ratio and codebook size is also discussed in this section.
II. SCMA SYSTEM MODEL
An uplink SCMA system with overloading ratio λ consists of J users and K time-frequency resources, where λ = J /K . Before encoding, user j ∈ {1, · · · , J } is assigned a pre-allocated codebook x j = [x 1j , · · · , x Mj ] with size M = |x j | that can be expressed as
where v j is a K ×N (K > N ) binary mapping matrix, and each column of v j only has one element 1 besides element 0. The
represents the codewords mapping into the resources occupied by the jth user. The structure of J users sharing K resources in SCMA, which can be characterized by a K × J factor graph marix F = [f 1 , · · · , f J ] containing resource notes (RNs) and user nodes (UNs). The f j can be calculated by v j as
where F kj = 1 indicates that the jth UN is connected to the kth RN. In a typical SCMA system with K = 4 and J = 6, the connection relationship between UNs and RNs characterized by F 4×6 is shown in Fig. 1 . In the transmission, N = log 2 (M ) bits of jth user are directly mapped into x mj selected from the codebook x j . If all users keep sync in the uplink SCMA system, the received signal y will be
where x mj = [x 1 mj , · · · , x K mj ] T denotes a K -dimensional complex codeword, and h j = [h 1j , · · · , h Kj ] T is the channel gain of the jth user. The noise vector n = [n 1 , · · · , n K ] T obeys the complex Gaussian distribution CN (0, σ 2 I). If h kj K k=1 are independent, the received signal in the kth RN can be written as
where ε k represents the set of users connected on kth RN.
III. THE PROPOSED CODEBOOK DESIGN
In this section, we present our SCMA codebook design scheme. The processes of SCMA codebook design can be summarized as Fig. 2 by [27] - [32] . From Fig. 2 , it can be known that designing a codebook with M points for jth user needs the following steps:
Step 1: The mother constellation C N ×M should be designed for J users. With different constellation operation j N ×N , the constellation uniquely identifies the jth user, which can be expressed as
Step 2: The mapping matrices [v j ] J j=1 for all users need to be designed to construct a factor graph matrix F satisfied [18] : i) each column of F has N elements 1, and the rest are all 0. ii) Besides element 0, each row of F has d f elements 1, where d f denotes the maximum user number carried on each RN.
It can be calculated as
Based on the above two steps, our codebook design scheme is described in the following subsections.
A. MOTHER CONSTELLATION DESIGN
In this subsection, we present a mother constellation design scheme based on the lattice theory. Here, the mother constellation design method is elaborated in the following four aspects.
1) PROBLEM STATEMENT
We formulate an optimization problem about AE of the mother constellation. Assuming that the mother constellation C with expression
where c m = [c 1m , · · · , c Nm ] T is the complex vector. The MED d C min of C thus can be written as
where c i − c j is defined as
Ideally, MED-maximizing and AE-minimizing can be achieved by designing the best mother constellation. However, maximizing the MED and minimizing the AE are contradicted to each other. A more realizable method is to fix the MED to find the constellation with the smallest AE.
Assuming that d C min = 1 and E C avg denotes the AE of the mother constellation C, the minimization problem of E C avg can be described as
where E C avg is expressed as
By removing the constant value of N and M in (11), the optimization problem in (10) becomes
It is not easy to directly solve (12) (12) is thus converted to a problem of finding a set of points with the smallest energy in space, which can be expressed as
The optimization problem in (13) can be solved by exhaustive method, but the complexity of exhaustive is not unacceptable. In order to solve (13) , an acceptable method based on lattice theory is used in this paper. The efficiency of lattice-based constellations can be approximated by the product of coding gain and shaping gain [36] . Let υ = 2N represent the dimensions in space and denote a lattice structure, the coding gain γ C ( ) is expressed as
where [·] is the rounding operation, and V ( ) denotes the reciprocal of the number of points contained in the unit volume. The expression of V ( ) is defined as
where G( ) is the generator matrix of the lattice , which is given as
are linearly independent. If and only if α 1 = α 2 = · · · = α υ = 0, the following equation holds
Therefore, any point p in the lattice can be expressed as
where α i ∈ Z.
From (15), it can be known that V ( ) reflects the density of the lattice-based constellation. If the MED d C min is given, the smaller V ( ), the more constellation points can be place into a certain volume, and the larger the coding gain γ C ( ). In other words, if a constellation generated by lattice has the smallest AE, the constellation will have the largest coding gain. Therefore, the problem (13) can be converted to the following form
where α lm ∈ Z. If [g l ] υ l=1 satisfies g 1 
the optimization problem in (19) can be rewritten as
where d G min = d C min denotes the MED of G( ), which is expressed as
To summarize, by converting the N -dimensional complex constellation into a υ-dimensional real constellation, and using the lattice theory, the problem (10) is finally converted to (21) . Essentially, (21) is a problem to quest a lattice structure which has the largest coding gain. It indicates that the AE-minimizing lattice-based constellation is constructed by the densest lattice structure.
2) PROBLEM SOLVING
In [40] , the problem to quest the densest lattice structure was transformed into a series of linear inequality constraints via orthogonal transformation, which has reasonable complexity to design constellations with large points. Therefore, the problem (21) is solved by the method proposed in [40] . By orthogonal transformation, the generator matrix G( ) can be transformed into a lower triangular matrix G ( ). It can be written as
Assuming that the elements of G ( ) are non-negative real numbers, the optimization problem (21) can be further written as arg min
The problem in (24) can be solved by the interior point method. The constructed penalty function is expressed as
where g = [g 21 , g 22 , · · · , g υυ ]. Penalty factor r (l) is a sequence of descending integers, and satisfies lim l→∞ r (l) = 0. Assuming that allowed solution error ξ > 0 and feasible domain D ∈ [0, 1], the solution process of (25) is shown in Algorithm 1. In Algorithm 1, L represents the number of initialization of g in the feasible domain D.
Algorithm 1 The Solution Process of (25)
Initialization r (0) ; Initialization g = [g (0) , g (1) , · · · , g (L) ] ∈ D; l1 = 1; l2 = 0; Calculate ϕ g (l1−1) , r (l2) by (25); Calculate ϕ g (l1) , r (l2) by (25); (25); Calculate ϕ g (l1) , r (l2) by (25); end if end while return g (l1) ; By algorithm 1, the (24) can be solved. However, it is noteworthy that some points generated by G ( ) have a lot of zero elements when M is small, which is unfavorable for constructing the mother constellation. In addition, authors in [27] proved that the coding gain after scale or orthogonal transformation is unchanged.
In order to overcome this adverse effect, we rewrite G ( ) as
where G ( ) = [g 1 , · · · , g υ ] T is a new generator matrix, and G(θ ) is an orthogonal Givens rotation matrix [41] , which ensures that the ED and power among the constellation points after the conversion remain unchanged. When υ = 4, G(θ) is written as
where θ ∈ [0, π/2] determines the rotation degree of G ( ). Thus, a constellation with infinite lattice points is available, where any point p m in the constellation can be calculated by G ( ) as
α mi g i (α mi ∈ Z , m = 1, 2, · · · , ∞) . (28)
3) BOUNDARY SELECTION
The following step is to select a boundary with M points nearest coordinate origin. Authors in [37] - [40] indicate that spherical packing can improve the performance of constellations. Therefore, the spherical boundary is selected for a given lattice in this paper. A simple and intuitive way to obtain a spherical boundary is to gradually increase the radius of the hypersphere from the center of space until it contains M constellation points. Hence, the modulus γ = p m of any point p m can be considered as radius of the hypersphere. In this paper, the radius is predetermined as r = n r d G min , where n r = 1, 2, · · · , Lr. The constellation points are counted if and only if γ = r. Assuming that M satisfies Lr−1 n r =1 N (n r ) < M ≤ Lr n r =1 N (n r ), where N (n r ) is the number of constellation points of layer n r . The AE of the lattice-based constellation containing M points can be calculated as
where M − Lr−1 n r =1 N (n r ) = N Lr denotes the number of points selected in Lr layer. From (29) , we know that once a volume containing M points is achieved, the AE of lattice-based constellation is determined. Therefore, when AE is constant, we can maximize the MED among N Lr points in Lr layer to improve the performance of constellation, which can be described as
where µ is a constant calculated by (29) , and d min denotes the MED among N Lr points in Lr layer. While removing some redundancies, (30) can be rewritten as
Since (31) is an integer programming problem, it is intractable to be solved directly especially when N Lr is large. Fortunately, the problem can be solved by following a similar method as in [40] . The authors in [40] treat the points as particles and introduce interaction forces between particles to make each particle move freely, which can achieve the maximized MED among lattice points planning in the outermost spherical shell. Now, with the solution of (10) and (30), we can obtain a real constellation R with M points [p m ] M m=1 nearest coordinate origin, i.e., The efficiency of R can be indicated by symbol error probability (SEP) [36] , which can be estimated as
where SNR is the signal-to-noise ratio, and d R min and E R avg denote the MED and AE of R, respectively. The weight N min is the number of points with distance d R min from given point. Traditional four-dimensional constellation is usually generated by Cartesian product based on QAM. Table 1 shows the AE and MED of lattice-based and QAM-based fourdimensional constellations. When υ is small, N min can be ignored. So the SEP (33) can be calculated by the data given in Tab. 1, see Fig. 3 . From Fig. 3 , It can be known that as M increasing, the SEP of lattice-based will gradually be lower than QAM-based. This also verifies the correctness of our derivation.
4) MOTHER CONSTELLATION GENERATION
A real power-saving multi-constellation R is obtained from the previous derivations. The next step is to find a 
Because all elements of each column in C are non-zero elements of a codeword in a codebook set, the constellation with the largest discrimination between columns can be selected from the N C constellations. The selection criterion is the power variation according to [42] , [43] . We assume that (n) denotes the power variation in nth row of C, which can be express as
Therefore, the question of maximized the power variation can be described as arg max
where i represents imaginary unit. Usually, the dimension of constellation R is not large, we can use the exhaustive method for (36) to get the constellation from N C constellations. Based on the above discussion, the mother constellation design scheme proposed in this paper is described by algorithm 2.
B. MAPPING MATRIX
One of the important factors for the SCMA systems to achieve overload is the construction of the sparse matrix, called mapping matrix. Generally, mapping matrices in SCMA systems are not very large, which can be directly adopt manual design. However, this method is error-prone and troublesome. In this subsection, an alternative method called constellation rotation is used to generate the mapping matrices. We assume that v j = [v j 1 , · · · , v j N ], the position of element 1 in v j n (n = 1, 2, · · · , N ) is ρ n , where ρ n ∈ [1, K ] . Taking each element of v j n as coefficient, v j n can be calculate by binary-to-decimal conversion as
where v j kn is the kth element of v j n . Because ρ n of each column is different in v j , the binary-to-decimal of v j can be written as
From (38), we know that there must be some binary sequences that satisfy (38) . In addition, the factor graph matrix F generated by [v j ] J j=1 represents the connection relationship between RNs and UNs, each column of F thus satisfies (38) . The F can be designed by a convenient method proposed in [28] . According to F, the mapping matrices [v j ] J j=1 can be obtained, for instance:
By v j , all elements of the codeword of mother constellation are transmitted on different RNs. However, there are d f users carried by each RN. It is thus necessary to use a corresponding constellation operation to distinguish the users on the same RN. The constellation operations include permutation operation, constellation rotation (phase operation), complex conjugate operation. In all these operations, the constellation rotation can better distinguish different users [28] . In order to distinguish the users on the same RN, we follow this method as in [28] and define the rotation angles [θ ku ]
By (40), the diagonal matrix j as constellation rotation operation can be described as
where i is imaginary unit, and [θ ρ n u ] N n=1 are rotation angles for each column of v j , respectively. Until now, we can obtain new codebook sets with size M by (1) and (5) for J users.
To sum up, insights from the aforementioned discussions are:
• It is tricky to directly obtain the complex mother constellation that meets the power saving criterion. However, an alternative method is given by our analysis, i.e., we convert the required mother constellation into a real constellation. We achieve the points of the real constellation by the lattice theory in multi-dimensional space. Then, the complex mother constellation can be easily obtained while converting the real constellation.
• By using the lattice theory to obtain the multidimensional constellation with power saving criteria, we find that the generation matrix is the key factor that determines the SEP performance of the constellation.
In the boundary selection, the MED among constellation points on the boundary affects the SEP performance of the constellation.
• On designing the mapping matrices with constellation rotation, the rotation angle of each column in a mapping matrix can be same. However, different mapping matrices on the same RN have different rotation angles.
IV. SIMULATION RESULTS
In this section, we compare the proposed scheme with OCB, CR and LCR. The same transmit power values for these codebooks are used. Two strategies MPA for multi-detector, i.e., parallel (P-MPA) and serial (S-MPA) schedules [20] , [21] are used. During the simulation, N = 2 is used to design the mother constellation. The reasons are based on the following two points: i) For any SCMA system, N characterizes the sparsity of SCMA, and determines the complexity and overload ratio of the system. ii) The length K of the spreading sequences tend to be small in the SCMA systems, such as K = 4 and K = 6. In the case of small K , N = 2 can better reflect the performance of SCMA. When N = 2, the factor graph matrices showed in (43) are used to generate mapping matrices for λ = 150%, λ = 200% and λ = 250%, respectively. 
In addition, when counting lattice points, the predetermined radius of the hypersphere is increased by the step length d G min = 1, some points not on the predetermined radius will be ignored. Due to the simple statistical algorithm, the θ of Givens rotation G(θ) will change the number of points on the spherical shell, see Fig. 4 . From Fig. 4 , it is seen that the number of constellation points falling into the spherical shells changes or even decreases greatly with different θ. In order to keep the number of points as more as possible, θ = π/4 is used to design the codebook in the subsequent simulation analysis section. Fig. 5 illustrates the BER performance between the proposed codebook design, OCB, CR, and LCR schemes with different M when λ = 150%. It can be seen from Fig. 5(a) with M = 4, the BER performance of OCB is the best among the four codebook design schemes in the case of small SNR. As the SNR increases, the BER performance of CR and LCR exceed the OCB and the proposed codebooks. In the process of SNR increasing, the BER performance of the proposed scheme is closer to OCB, and rapidly declines. From Fig. 5(b) , with the increasing of SNR, the BER curve of the proposed codebook design rapidly declines, and then the downward trend changes. The BER performance of OCB is ideal, yet it is foreseeable that the BER performance of CR and LCR will surpass OCB as SNR increases. It can be seen from Fig. 5(a) and Fig. 5 (b) that in both case (M = 16 and M = 32), the BER performances of the proposed codebook greatly exceed OCB, LCR and CR under the condition of large SNR. BER performance of LCR under large SNR condition is better than CR, but worse than OCB. That is because the constellation points designed by the lattice theory not only ensure the MED, but also ensure the minimization of AE of the constellation. The larger the M is, the more prominent this advantage can be highlighted. In summary, it can be seen from Fig. 5 that the codebook design proposed in this paper has better BER performance in the large codebook size M scenario. Fig. 6 is the BER performance comparison of the proposed codebook with different overload ratios λ when M = 4. It can be seen from this figure that the larger the overload ratio is, the worse the BER performance, especially in the large overload ratio case, such as λ = 250%. This is one of the common phenomena in NOMA technology, not just for SCMA. The main reason is that the more users carried by a RN, the more difficult for multi-user detection. Fig. 7 describes convergence behavior comparison of SCMA systems. Fig. 7(a) describes convergence behavior comparison with λ = 150%, when SNR = 18dB. It can be seen that the smaller iteration times is, the faster the BER decreases. With the number of iterations increasing, P-MPA and S-MPA eventually converge, and the BER performance after convergence is equivalent. The convergence speed of S-MPA is about twice as fast as that of P-MPA. The convergence speed of them will be slow down with M increasing, which is one of the common phenomena of SCMA technology. The main reason is that the data of d f users is superimposed on a RN for transmission, which causes the complexity of detection increased when M is lager. Fig. 7(b) shows the comparison of convergence behavior with different overload ratio λ when M = 4. Comparing with Fig. 7(a) , there are some similar conclusions we can obtained from Fig. 7(b) . However, M has a greater impact on BER performance than λ, that's because the codebook size M , which corresponds to the number of QAM points, tends to be large and change quickly. Hence, the fundamental way to solve this problem is to find a codebook design method with better performance, especially under the condition of large codebook size M .
V. CONCLUSION
In this paper, a new SCMA codebook design is presented based on the lattice theory. The problem of the mother constellation design with better BER performance is converted to one of finding a lattice structure with the largest coding gain. Based on lattice optimization theory, we use spherical packing to obtain a real constellation containing M constellation points, which has improved BER performance with power saving. The complex mother constellation with the large power variation among multiple dimensions is selected for all users. Combining the mother constellation and the designed mapping matrices with constellation rotation, the codebook sets are generated. Simulations show that the proposed codebook design scheme has performance advantages in large-scale codebooks. The codebook size and overload ratio have impacts on the complexity and BER performance of the SCMA systems. However, the codebook size, which tends to be large, has a greater impact on the BER performance than the overload ratio. SYSTEMS, and PHYCOM: Physical Communication, the Editor-in-Chief of the IET Communications, and the Program Chair, the Track/Symposium Chair, or the TPC Chair for many conferences. She is also the Editor-in-Chief of the IET Communications. VOLUME 7, 2019 
